Abstract: Biodegradation of phenol using adapted free and immobilized mixed cultures were investigated. The culture was grown under anaerobic condition at room temperature of about 25°C and initial pH of 7.0. The initial concentration of phenol was in the range of 70 to 1000 mg/l. The culture was able to degrade phenol effectively up to 700 mg/l. The immobilized cells were able to remove phenol at concentration of 100 to700 mg/l in a slightly shorter time period. At phenol concentration of 1000 mg/l, the removal efficiency was enhanced from 10 to about 40% in the presence of immobilized cells. The biodegradation rate of phenol improved when immobilized cells were applied. Maximum biodegradation rate happened at phenol concentration of 700 mg/l which was 2.13 and 2.65 mg/l.h for free and immobilized cells, respectively. Monod and Haldane models were used to estimate the growth kinetics. Monod model was unable to predict efficiently the growth kinetics. However, Haldane model was correlated favorably with experimental data; with a correlation coefficient of R = 0.962. Haldane kinetic parameters, µ , K and K were 0.038 h , 18.87 and 339 mg/l, respectively. 
INTRODUCTION
chemical and biological methods have been employed to Phenol and its derivatives are known as major organic significant role in wastewater management. Organic pollutants. These compounds occur in the environment pollutants are efficiently deteriorated in bioprocesses with either naturally or artificially [1] . The main sources of cost effective and environmental friendly approaches. phenol release into the environment are effluents of Also, these technologies are able to mineralize toxic industries such as petroleum refineries, steel plants, pulp hazardous contaminant [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . Phenol removal via and paper, pharmaceuticals, manufacturing of synthetic biological method is the most favored process because of chemicals, coal conversion, coke oven and etc. [2] [3] [4] .
the possibility of complete mineralization of phenol [18] . Phenol concentrations of up to 17,500 mg/l in industrial Biological treatments can be conducted either wastewaters have been reported [3] . Phenolic compounds aerobically or anaerobically. Anaerobic biological process are lethal to human being, plants, aquatic life and is the most advantageous due to the low energy microorganisms even at low concentrations. Due to the requirement, low production of bio-solids and biogas high toxicity, US Environmental Protection Agency production which is considered as an innovative energy (U.S. EPA) has listed phenol as priority organic pollutant.
source [19] . WHO has designated a permissible concentration of 1 Despite substrate inhibition, many types of µg/l phenol in drinking water [5] [6] .
microorganisms are able to utilize phenol as the sole Due to the high toxicity of phenol, treatment of carbon and energy source. Toxic intermediates may be phenolic wastes is a necessity before discharging them to produced during biodegradation of phenol using pure the receiving body of waters. A number of physical, culture. This problem may be resolved by implementation treat phenolic wastes [7] [8] . Biological treatments play a of mixed microbial consortium which has wide spectrum along with activated sludge collected from wastewater of metabolic activity [20] [21] . One of the important and treatment facility of the latter. The mixed culture was effective techniques which has been employed for employed for anaerobic biodegradation of phenol. protecting the microbial population against inhibition is
The culture was cultivated and enriched in 100 ml of immobilization of biomass [3, 18] . The method has the a rich growth medium. The growth medium composed of potential of providing a unique microstructure which is (in mg/l): Phenol (Sharlau, Spain), 70-1000; yeast extract, suitable for growth as well as convenient separation and 800; K HPO , 522.54; KH PO , 408.27; NH Cl, 200; NaCl, reutilization of biomass [22] . Gonzalez et al. [8, 23] [25] . 10 g of powder was added to 500 ml of distilled water. The inoculated biofilm from pig slurry on biolite® Calcium chloride (Sharlau, Spain) solution was separately support could eliminate more than 99% of phenol and prepared by adding 60 g of anhydrous granulated form to TOC (total organic carbon) in an anaerobic FBR [3] . 1 l of distilled water. A peristaltic pump and a small silicon The about studies on anaerobic phenol tube with internal diameter of 1.1mm were used to biodegradation by immobilized cells are scant. In the immobilize cells. Spherical bio-particle beads with average present research, the effect of immobilization of the diameter of 3-4mm were obtained. culture on anaerobic phenol removal was investigated. A comparative study was conducted to evaluate free Batch Biodegradation Assay: Batch experiments on and immobilized cells behavior for phenol biodegradation.
phenol degradation using free cells were performed in 250 A mixed microbial consortium was employed to carry out ml Erlenmeyer flasks containing 100 ml of growth medium. the batch experiments over a wide range of phenol Phenol concentration was varied in the range of 70 to 1000 concentrations. The mixed culture was strictly mg/l. Freshly grown seed culture was inoculated to media. acclimatized to phenol for a long duration. Growth kinetics Inocula concentration was 10% (v/v). The experiments parameters were defined for the best understanding of the were conducted under anaerobic condition by placing culture tolerance in phenol uptake.
flasks in anaerobic jar.
MATERIALS AND METHODS
phenol degradation, 100 ml of growth medium and
Microorganism and Growth Medium:
A mixed culture Initial phenol concentration was varied in the range of 100 was isolated from the effluents of two industries including to 1000 mg/l. The bottles were continuously stirred in an coke oven, Isfahan, Iran and pulp and paper, Sari, Iran orbital shaker at 200 rpm and a temperature of about 25°C. To evaluate the capability of immobilized cells for bio-particle beads were dispensed in serum bottles. During 14 days of experiments, samples were collected, growth rates were obtained on the basis of Malthus law centrifuged and analyzed for biomass and remaining for various phenol concentrations: phenol concentrations.
Analytical Procedures: Biomass concentration was defined by measuring absorbance at 600 nm using a
The parameter X stands for concentrations of spectrophotometer (UNICO, 2100, USA) which was biomass. It can be defined on the basis of either cell dry subsequently correlated to standard curve. For measuring weight (mg/l) or optical density of the culture at a specific undegraded phenol concentration, samples were wavelength, e. g. 600 nm. centrifuged in a micro centrifuge (HERMLE Z 233 M-2, Effect of initial phenol concentration on its Germany) at 10000 rpm for 5 min. Direct photometric degradation was identified by calculating phenol method was used for determination of undegraded biodegradation rate. The slopes of phenol degradation phenol concentration. In this method, a red coloration curves were determined as bio rates. resulted by rapid condensation of 4-aminoantipyrene (Fisher scientific, UK) followed by oxidation with alkaline RESULT AND DISCUSSION potassium ferricyanide (Merck, Germany) can be detected by spectrophotometer. The procedure was developed in Biodegradation of Phenol by Free Cells: Figure 1 shows accordance to standard method [26] .
the profiles of phenol biodegradation by suspension of Kinetic Concepts: For the best comprehension of in the range of 70 to 1000 mg/l. microbial tolerance in phenol uptake, the growth kinetics Phenol degradation profiles with respect to time for phenol biodegradation was investigated. Monod exhibited similar trends except for phenol concentration of equation is a simple model which predicts cell growth on 1000 mg/l. Since the organisms were strictly adapted to a non-inhibitory growth-limiting substrate:
high phenol concentration, the degradation of phenol up
(1) accomplished within short period of time. Time interval for
Where µ represents the specific growth rate (1/h), S is the concentration increased to 300 and 500 mg/l, the substrate concentration (mg/l), µ is the maximum degradation period was slightly prolonged. Complete m specific growth rate (1/h), K is the half-saturation removal of 300 and 500 mg/l phenol was achieved in 7 s substrate constant (mg/l). K is described by substrate and 10 days, respectively. Initial phenol concentration s concentration in which the specific growth rate (µ) of 700 mg/l was entirely degraded in 12 days. Although is equal to half of the maximum specific growth rate (µ ). 
Which K is substrate inhibition coefficient (mg/l). . Maximum biodegradation rate was about 2.13 mg/l.h, which happened at 700 mg/l phenol. The rate was declined at the concentrations of phenol below and above 700 mg/l. This indicates the effect of initial concentration of inhibitory substrate on its biodegradation rate. Though, decrease in the phenol degradation rate at initial concentration of 500 mg/l was not considerable. At high phenol concentration of 1000 mg/l, the culture was not able to degrade phenol significantly; the concentration of phenol in medium decreased to 901 mg/l during the entire period of experiment. That was due to the intensive inhibition imposed by 1000 mg/l phenol; in spite of the Fig. 4 : Culture growth with defined initial phenol fact that a long acclimation period had been concentrations performed. The degradation rate at this concentration of phenol was very low (0.37 mg/l.h). For anaerobic was efficiently removed within 3 to 11 days. As initial degradation of phenol, Shinoda et al. [27] reported the phenol concentration increased, appropriate removal biodegradation rate of 1.8 mg/l.h by Azoarcus sp. The rate efficiencies were obtained in a prolonged durations. was increased to 2 mg/l.h while the species of Further increase in phenol concentration resulted in Magnetosprilium sp. was used for phenol degradation. a low removal efficiency; for instance 10% for 1000 mg/l Mixed methanogenic culture was able to degrade phenol phenol. with degradation rate of about 1-4 mg/l.h in the experiment conducted by Karlsson et al. [28] . Evidently, the Growth Kinetics in Phenol Biodegradation: Culture anaerobic degradation rate of phenol is lower than the growth curves as cell dry weight with respect to time are reported data in aerobic researches. Saravanan et al. [29] presented in Figure 4 . Although it has been frequently investigated aerobic phenol degradation with a mixed reported that phenol has significant inhibitory effect culture that resulted in phenol biodegradation rate of on growth of microorganisms [29] , for the culture 10-15.7 mg/l.h. The organism Acinetobacter sp. was able growth no lag phase was observed. That may be due to to degrade the phenol concentration of 100-1500 mg/l the long acclimation period which was carried out for the aerobically with the rate of about 11-24 mg/l.h. culture in order to have potential growth on phenol and Figure 3 depicts the removal efficiency for phenol utilize it as sole carbon/energy source. Maximum biomass concentration in the range of 70-1000 mg/l. More than concentration was obtained for phenol concentration of 96% of phenol with initial concentration of 70-700 mg/l 500 mg/l. Simultaneous exponential growth of the culture happened along with phenol removal. When phenol concentration drastically reduced in the media, no more growth was observed and stationary phase of the growth was reached. Phenol concentration of 500 mg/l led to the maximum biomass growth of about 243 mg/l within 9 days. Subsequently, the growth of the culture diminished as the initial concentration of phenol increased. By increasing the phenol concentration from 500 to 700 mg/l, the obtained maximum biomass concentration slightly decreased to 236 mg/l. Cell growth was severely hindered at phenol concentration of 1000 mg/l. The specific growth rates are shown in Figure 5 . The rate noticeably increased to a maximum value at phenol concentration of 100 mg/l. Further increase in phenol concentration led to an intense decrease in the specific growth rate. At high phenol concentrations, the substrate inhibition severely imposed adverse effect on the growth of the culture. The lowest value of specific growth rate (0.011 h ) was obtained at phenol 1 concentration of 1000 mg/l.
Monod and Haldane models were fitted to the experimental data. Table 1 presents the best fit values of kinetic parameters. The equations were solved by Sigma Plot 11.0 software using a non-linear least-squares regression method. As it is evident, Monod equation was not an efficient model to predict the growth behavior of organisms which utilized phenol as the carbon source. The value of K could not be obtained s by this model and correlation coefficient (R ) was far 2 from real value (0.558). That means, the model could not follow the trend of the experimental data depicted in Figure 5 . Prolonging the acclimation period at high concentrations of phenol may cause this model to be able to predict the behavior of the culture for phenol biodegradation.
The substrate inhibition was figured out from the correlated Haldane equation with the experimental growth rates (R = 0.962). Haldane kinetic parameters, culture under aerobic condition [29] [30] . This approves the fact that growth is slow in anaerobic system. However, the value of µ in this study was higher than Figure 6 depicts the phenol degradation profiles of immobilized cells for initial phenol concentrations of 100-1000 mg/l. Adapting immobilized cells in biodegradation experiments led to slightly shorter time interval for the removal of 100-700 mg/l phenol. It was observed that phenol concentrations of 300, 500 and 700 mg/l were completely degraded within 5, 8 and 10 days, respectively. With further increase in phenol concentration to 1000 mg/l, the residual phenol in the media decreased to 692 mg/l within the time of experiment. Removal efficiency of more than 95% was obtained for initial phenol concentration of 300-700 mg/l within 5-8 days (Figure 7 ). 
Biodegradation of Phenol by Immobilized Cells:

CONCLUSION
Anaerobic biodegradation of phenol for the initial concentrations of 70 to 1000 mg/l was investigated using adapted free and immobilized mixed cultures. The free cells successfully degraded phenol concentrations of 70-700 mg/l with removal efficiencies of more than 96%. Intense substrate inhibition adversely affected the biodegradation process at the phenol concentration of 1000 mg/l; the residual phenol in the medium reached to 901 mg/l within the entire time of experiment. Adaptation of immobilized cells led to slightly shorter time for complete phenol removal in the range of 100-700 mg/l. At the phenol The biodegradation rate was significantly enhanced at high concentrations of phenol. Due to the substrate inhibition of phenol, Monod model was incapable to predict the cell growth over the stated concentration range. Though, Haldane model was adequately correlated to the experimental data (R = 0.962). 
